Objective: To investigate the role of hemoglobin (HGB) level in predicting proliferative diabetic retinopathy (PDR).
women), in men, HGB exhibited a positive linear relationship with 18-year incidence of PDR (hazard ratio,1.33; 95% confidence interval, 1.10-1.60; P=.003), while in women, HGB level exhibited a quadratic relationship with PDR (PϽ.001). After multivariable adjustment for univariately significant covariates, HGB level remained significantly predictive of PDR in both men (P =.004) and women (P =.04).
Conclusion: Higher HGB level predicts the incidence of PDR in type 1 diabetes mellitus, though the association varies by sex, being linear and positive in men and quadratic in women.
Arch Ophthalmol. 2009; 127(11) :1494-1499 P ROLIFERATIVE DIABETIC RETInopathy (PDR) is a leading cause of blindness in the United States and has been linked to retinal hypoxia and characterized by small blood vessel proliferation, retinal microaneurysms, and vitreous hemorrhaging. 1 Lower hematocrit (HCT) levels have been associated with the progression of diabetic kidney disease 2, 3 and with the incidence of PDR, 4 suggesting that anemia may increase complication risk. In contrast, however, stabilization of retinopathy has also been reported in those with end-stage renal disease, 5, 6 a condition associated with anemia. The association between hemoglobin (HGB) and retinopathy is likely, therefore, to be complex, particularly given the recent observation of unusually high HGB levels, reaching 18.8 g/dL, in study participants with nephropathic type 1 diabetes mellitus. 7 Hemorheological factors are altered in diabetes, and there is some evidence that these disturbances may also be associated with diabetic retinopathy. 8 Increased HCT 8 and blood viscosity 9, 10 have been observed cross-sectionally in those with diabetic retinopathy. Elevated erythropoietin has also been observed in the vitreous fluid of those with diabetic retinopathy and found to be an angiogenic promoter of PDR.
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Given these observations, we decided to investigate the association of HGB with the incidence of PDR in type 1 diabetes mellitus.
METHODS
The Pittsburgh Epidemiology of Diabetes Complications (EDC) study is an 18-year prospective study based on a well-defined cohort with childhood-onset (age Ͻ17 years) type 1 diabetes living within 100 miles of the University of Pittsburgh at study baseline. The 658 participants (325 female, 333 male; 67% of all those eligible) were diagnosed between January 1, 1950, and May 30, 1980 , at Children's Hospital of Pittsburgh, and first seen in EDC between 1986 and 1988, when the mean age and diabetes duration were 28 and 19 years, respectively. They were then seen biennially for 10 years, after which they were followed up by survey with examinations limited to certain subgroups. Between 2004 and 2007, however, an 18-year follow-up was conducted for all participants. The design and methods of the study have been previously described. 12 Before attending each cycle of examinations, information was collected by questionnaire concerning demographic characteris-tics, medical history, and health care behaviors, as previously described. 13 At each cycle, both a standardized medical history and clinical examination were performed by a trained internist to document complications of diabetes.
Fasting blood samples were assayed for lipids, lipoproteins, glycosylated hemoglobin (HbA 1 ), and HGB. Hemoglobin was measured using the Coulter Counter Model S-Plus IV (Coulter Electronics, Hialeah, Florida) automated blood cell counter. High-density lipoprotein cholesterol level was determined by a heparin and manganese procedure, a modification of the Lipid Research Clinics method.
14 Cholesterol was measured enzymatically. Glomerular filtration rate was estimated using the 4- Blood pressure was measured by a random-zero sphygmomanometer according to a standardized protocol 16 after a 5-minute rest period. Blood pressure levels were analyzed using the mean of the second and third readings.
Retinopathy was assessed in 3 standardized visual fields. Stereoscopic fundus photographs were taken in fields 1, 2, and 4 with a Zeiss camera (Carl Zeiss, Oberkochen, Germany), and were read by the Fundus Photography Reading Center, University of Wisconsin, Madison. Gradings were classified by the modified Arlie House System, with PDR defined as a grade of 60 or higher in at least 1 eye. Individuals without gradable fundus photographs were graded according to their medical history data, with confirmation by their ophthalmologist if required. Those with panretinal photocoagulation scars and a grade of less than 60 were recorded as having PDR if the medical history indicated that the laser therapy was for PDR. Two-step progression, an increase of at least 2 steps on the modified Arlie House System, 17 and clinically significant macula edema were also identified. 18 Nephropathy status was determined based on consistent results from at least 2 of 3 timed urine collections (24-hour, overnight, and timed samples during examination) and urine albumin excretion rate. The adequacy of urine collection was determined by whether the total amount of creatinine excreted was appropriate for an individual's age, based on body size and sex. Urinary albumin was determined immunonephelometrically. 19 All procedures were approved by the institutional review board of the University of Pittsburgh.
Continuous data were compared between groups by the t test, with serum creatinine, triglycerides, high-density lipoprotein cholesterol, and non-high-density lipoprotein cholesterol being log transformed prior to testing. Categorical data were compared between groups by 2 tests. Cox proportional hazards modeling with forward selection was used to determine the association of baseline HGB with the 18-year incidence of PDR. The functional form of HGB was assessed by plotting a restricted cubic spline transformation for HGB against the log hazard ratio separately for men and women using Harrell's 20 SAS macro, %PSPLINET. A Wald test was used to test the assumption of a linear relationship between HGB and the log hazard ratio. Owing to the sex differences in HGB distribution, analyses were conducted sex specifically. Censoring occurred at the time of event or at last follow-up.
RESULTS
Hemoglobin data was available for 652 study participants; the HGB levels ranged from 9.2 to 20.0 g/dL (to convert to grams per liter, multiply by 10), with a median (interquartile range) of 16.2 (15.4-16.9) g/dL in men and 14.1 (13.5-15.0) g/dL in women. Two hundred two participants had PDR at baseline and were excluded from further analyses. Of the remaining 450, 24 provided no further PDR information and complete follow-up to 18 years was available for 78% of those still alive, follow-up being censored at last observation for the remainder. Baseline characteristics of the 426 study participants free of PDR at baseline are described in Table 1 and Table 2 for men and women, respectively.
The cumulative incidence of PDR was 48% after 18 years. The median time to follow-up was 14.6 years. In men, there was no suggestion of any deviation from a linear relationship between HGB and the log hazard ratio (Wald test of linearity P =.15); therefore, HGB was entered into Cox models as a continuous linear covariate. In women, however, the Wald test showed a significant deviation from linearity (P =.02) and a graph of the restricted cubic spline suggested a quadratic relationship between HGB and the log hazard ratio (Figure) ; therefore, HGB was entered into Cox models as a quadratic term. Univariately, HGB showed a significant linear association with the risk of developing PDR in men (P=.003) and a significant nonlinear association in women (P=.008, quadratic term).
In multivariable analyses allowing for univariately significant covariates, HGB remained significantly predictive of PDR in men (hazard ratio,1.29; 95% confidence interval, 1.08-1.54; P=.004) ( Table 3) . In women, HGB as a quadratic term also remained significantly predictive of PDR (P=.04). Other significant multivariable predictors included HbA 1c and diastolic blood pressure in both sexes, albumin excretion rate in men, and systolic blood pressure and fibrinogen in women. Finally, the association of HGB with other components (markers) of retinopathy was also explored. A significant prediction of both macular edema (P Ͻ .001 and P = .03 for men and women, respectively) and 2-step progression (P=.03 and P Ͻ .001 for men and women, respectively) was observed.
COMMENT
The cumulative incidence of PDR in this population was 48% after 18 years. The EDC incidence rates are similar to those observed in the DCCT/Epidemiology of Diabe- ) and the Wisconsin Epidemiological Study of Diabetic Retinopathy population (37% at approximately 26.6 years of diabetes duration 18 ). Although much attention has been given in recent years to anemia and low levels of HGB in diabetes, particularly as it relates to kidney disease, [22] [23] [24] [25] [26] [27] [28] this is the first study, to our knowledge, to show high HGB levels to be predictive of the long-term incidence of PDR. We have also shown that the relationship of HGB with PDR varies by sex, with HGB demonstrating a linear relationship in men, but a nonlinear quadratic (P=.008) relationship in women. These results, if confirmed, may have important clinical relevance, as they may both identify new pathogenetic pathways to PDR and influence clinical treatment. There are several potential explanations for these findings.
First, the HGB levels in this population were relatively high, ranging from 9.2 to 20.0 g/dL. We have observed that HGB levels in our population, including the 120 participants with PDR and 228 with overt nephropathy at baseline, were approximately 1 g/dL higher in both men and women compared with the National Health and Nutrition Examination Survey III white population limited to the same age range. 29 Higher HGB levels in type 1 diabetes were also noted by Pichler et al, 30 who observed a higher (0.8 g/dL) difference in HGB levels between children and adolescents with type 1 diabetes compared with controls. Factors related to increased HGB such as testosterone, hypoxia, growth factors, and viscosity may responsible for the PDR associated with increased HGB in this population.
Androgens, in particular testosterone, are a known stimulant of erythropoiesis, 31 and testosterone has been fairly consistently shown to be elevated in type 1 diabetes. Haffner et al 32 found higher testosterone levels and lower sex hormone-binding globulin 33 in male participants with type 1 diabetes and PDR compared with those without PDR. Chaurasia et al 34 also found higher testosterone levels in those with PDR. Factors associated with the anabolic effects of androgens such as erythropoietin stimulation may thus accelerate progression to PDR.
Erythropoietin is a glycoprotein produced by the peritubular fibroblasts of the kidney, and its production is primarily determined by tissue hypoxia in those with normal renal function. 35 Erythropoietin stimulates angiogenesis 11 and has been found to be associated with the retinopathy of prematurity. 36, 37 In diabetes, Watanabe et al 11 found both erythropoietin and vascular endothelial growth factor to be independently associated with PDR cross-sectionally, while blocking of erythropoietin was found to inhibit retinal neovascularization. 38 In preterm infants, Romagnoli et al 36 observed that infants treated with recombinant human erythropoietin to reduce the need for blood transfusions were at an increased risk of retinopathy of prematurity, with no change in the need for transfusion. Brown et al 37 also noted an increased risk of prematurity in preterm infants given recombinant erythropoietin. In diabetic patients receiving hemodialysis, Diskin et al 39 observed that recombinant erythropoietin dose per week and HCT were positively associated with deterioration of retinopathy. Finally, recent trials have also observed an increase in adverse events, ie, a deterioration of kidney disease and more cardiovascular events and mortality, associated with the correction of anemia by erythropoietin therapy in those with kidney disease. 40, 41 Because these target treatment HGB levels were relatively low, this seems to suggest that growth factors stimulated by erythropoietin are more likely to be associated with adverse outcomes rather than high HGB per se.
Another potential related mechanism is that the HGB association with PDR reflects increased erythropoietin production stimulated by general hypoxia, 11 which may contribute to the microvascular disease seen in both the retina and the kidneys in type 1 diabetes mellitus. Some recent studies have shown increased levels of anemia in type 1 diabetes to be associated with complications of diabetes, including retinopathy, renal impairment, and macrovascular disease. However, these patients were from tertiary care clinics and were older 23, 28 than our participants. In contrast, other literature suggests increased blood viscosity in diabetes, 10, [42] [43] [44] which may lead to tissue ischemia. 8 Vekasi et al 8 found higher levels of HCT, plasma fibrinogen, and higher plasma and whole blood viscosity in those with diabetic retinopathy compared with nondiabetic controls. Blood viscosity is directly related to HCT. 10 As higher HCT and blood viscosity have also been observed in those with retinal vein occlusion, 45 and the HGB levels associated with PDR in our population were quite high, it is quite possible that our PDR association may be partly due to increased viscosity and associated sludging. Unfortunately, direct viscosity measures are not available.
The sex differences, eg, HGB demonstrating a nonlinear relationship with PDR in women and a linear relationship in men, are of interest. However, this is likely to just reflect the small sample sizes at the lower ends of the distribution in men (n = 5) at levels (Յ13.4 g/dL) where an increased risk was seen in women (n=46). A U-shaped relationship is thus likely to be true, and many U-shaped relationships exist between risk states and outcomes (eg, weight and mortality), with different pathological pathways operating at each end of the spectrum. Interestingly, a very recent study of type 1 diabetes found a genetic variant promoter of the EPO gene to be associated with both PDR and end-stage renal disease. 46 An- other limitation of our study was that we could not adequately stratify by renal disease status, a complication associated with both HGB levels and diabetic retinopathy, as only 14% (n = 56) of those free of PDR at baseline had overt nephropathy. However, we did try to account for kidney disease by controlling for albumin excretion rate, which, while predictive of PDR, did not account for HGB's association with PDR incidence.
In conclusion, these data suggest that high HGB levels may be associated with increased risk of PDR. Furthermore, these PDR findings are complimented by observations that HGB also predicts 2-step progression and macula edema. Increased testosterone in type 1 diabetes, growth factors, viscosity, and/or compensation for generalized ischemia/hypoxia may account for the association of high HGB levels with PDR. Taken as a whole, these results suggest that further evaluation of the potential adverse role of high HGB in those with type 1 diabetes is warranted. 
